Abstract The world population is expected to reach an estimated 9.2 billion by 2050. Therefore, food production globally has to increase by 70% in order to feed the world, while total arable land, which has reached its maximal utilization, may even decrease. Moreover, climate change adds yet another challenge to global food security. In order to feed the world in 2050, biotechnological advances in modern agriculture are essential. Plant genetic engineering, which has created a new wave of global crop production after the first green revolution, will continue to play an important role in modern agriculture to meet these challenges. Plastid genetic engineering, with several unique advantages including transgene containment, has made significant progress in the last two decades in various biotechnology applications including development of crops with high levels of resistance to insects, bacterial, fungal and viral diseases, different types of herbicides, drought, salt and cold tolerance, cytoplasmic male sterility, metabolic engineering, phytoremediation of toxic metals and production of many vaccine antigens, biopharmaceuticals and biofuels. However, useful traits should be engineered via chloroplast genomes of several major crops. This review provides insight into the current state of the art of plastid engineering in relation to agricultural production, especially for engineering agronomic traits. Understanding the bottleneck of this technology and challenges for improvement of major crops in a changing climate are discussed.
Introduction
Feeding the world in 2050 has become a main concern worldwide and is at the top of the agenda of the Food and Agriculture Organization (FAO) of the United Nations. Global food production needs to increase by 70% by 2050 in order to feed an expected population of 9.2 billion (High Level Expert Forum, FAO, October 2009; http://www.fao. org) . With the success of the Green Revolution and biotechnology advances, agricultural production has been enhanced significantly over the past 40 years. Yield increases for major cereals (wheat, rice, maize) have amounted to 100-200% since the late 1960s (Mann 1999 ; http://www.fao.org). However, more than one billion people worldwide-about 100 million more than last year and around one-sixth of all of humanity-are still in hunger and undernourished, as shown in Fig. 1 (http://faostat.fao. org/faostat/, 2009). Moreover, yield growth rates have been unequally distributed across crops and regions. In developing countries, 80% of the production increases are projected to come from increases in yields and cropping intensity, and only 20% from expansion of arable land. In land-scarce countries, almost all of the production increases would have to be achieved through yield improvement. Unfortunately, yields of the major cereal crops have been steadily declining (FAO High Level Expert Forum; Rome 12-13 October 2009, http://www.fao.org). Furthermore, the global arable area reached its plateau by the mid-1970s and is now decreasing slowly due to increasing urbanization. Enhancement of crop yield for assuring food supply is thus a very challenging task.
Climate change creates an additional challenge to food security (FAO High Level Expert Forum; Rome 12-13 October 2009, http://www.fao.org). Adaptation of agricultural production and management to climate change will be costly but necessary for food security, reduction of poverty and maintenance of ecosystems (Sharkey et al. 2004 ; FAO High Level Expert Forum; http://www.fao.org). Reduction and removal of greenhouse gases (mitigation) from agriculture will also be necessary, if global mitigation efforts are to be successful. To cope with climate change and secure food production for an increasing world population, the application and advancement of biotechnology are advantageous.
Plant biotechnology has played a significant role in modern agriculture in the past two decades. Since the first genetically modified (GM) crop was commercialized in 1996, global hectarage of biotech crops has continued to grow, reaching 134 million hectares in 2009 (James 2009 ). This translates to an increase of 9 million hectares over 2008, demonstrating the significance, economic benefits and great potential of GM crops. Of the commercialized GM crops so far, maize represents one of the most successfully engineered grass crops. However, the environmental risks, especially pollen-mediated transgene outflow and unintended genetic and epigenetic effects (Daniell 2002; Filipecki and Malepszy 2006) of the first generation of GM crops produced via nuclear transformation, has restricted its public perception in many countries, especially in Europe. The problem of transgene escape from GM crops to their wild relatives or other cultivated species is due to the presence of the transgene in pollen, which is a consequence of nuclear transformation (Daniell 2002; Grevich and Daniell 2005) . Thus, the modification of important crops must be implemented in more sustainable approaches to accelerate crop production in an environmentally friendly manner, i.e. to conserve natural resources and preserve native habitats as well as to adapt cropping systems to climate changes (e.g. high CO 2 level in the atmosphere, abiotic stresses created by extreme weather) that threaten crop productivity and food security worldwide (Martino-Catt and Sachs 2008) .
Plastid genetic engineering (concept shown in the schematic drawing in Fig. 2 ; Daniell et al. 2002; Maliga 2004 ) offers several unique opportunities to plant biotechnologists. Besides the potential for high-level production of foreign proteins ([70% of total soluble protein, Oey et al. 2009; Ruhlman et al. 2010) , other advantages of this technology include its effectiveness as a high-precision genetic engineering technique (site-specific transgene integration exclusively via homologous recombination; Verma and Daniell 2007) , the absence from plastids of epigenetic effects and gene silencing mechanisms (Verma et al. 2008) , the ease with which multiple transgenes can be stacked by linking them together in operons (as shown in Fig. 2, De Cosa et al. 2001; Ruiz et al. 2003; QuesadaVargas et al. 2005) , which is especially useful for metabolic engineering (Bock and Khan 2004; Bock 2007) , and the lack of pleiotropic effects due to sub-cellular compartmentalization of even toxic transgene products (Lee et al. 2003; Daniell et al. 2005; Verma et al. 2010) . Moreover, to avoid the deleterious effects caused by constitutive expression of transgene in chloroplasts, a nuclearencoded ethanol-inducible plastid-targeted T7 RNA polymerase that transcribes plastid transgenes from a T7 promoter system was developed (Lössl et al. 2005) . This inducible system which triggers transgene expression upon ethanol application further enhances the security and control of production in GM plants. Transgene containment via maternal inheritance is yet another important advantage of chloroplast engineering over nuclear transformation (Daniell et al. 1998 Daniell 2007; Ruf et al. 2007; Svab and Maliga 2007) . Due to the potential for transgenes outcrossing with wild relatives or other crops via pollen, field production of many GM crops engineered via nuclear transformation has encountered strong opposition in several countries. Expression of foreign genes in chloroplasts could confine the pollen transmission because of the maternal inheritance nature of chloroplasts (Hagemann 2010) , providing a better solution for engineering of agronomically important crops (Daniell 2007) . Transgene containment via maternal inheritance would, however, not be applicable to a few crops that show biparental inheritance of chloroplast genomes (e.g. Medicago sativa, Actinidia sinensis) as well as several other species which are suspected to have biparental inheritance (Sears 1980; Corriveau and Coleman 1988; Harris and Ingram 1991; Zhang et al. 2003; Hu et al. 2008 ). Chloroplast transformation is ideal for harvesting transgene products expressed in leaves before development of any reproductive structures. However, transgene escape via seed dispersal would be a problem in transplastomic lines. For total transgene containment, reversible cytoplasmic male sterility has also been engineered via the chloroplast genome to address rare events of paternal transmission Svab and Maliga 2007) or seed dispersal.
To date, a number of approaches have been developed to generate marker-free transplastomic plants to reduce the potential impact of antibiotic selectable marker which is a metabolic burden once the homoplastomic state is achieved in plastid transformants (Iamtham and Day 2000; Corneille et al. 2001; Lutz et al. 2006; Lutz and Maliga 2007) . One of the widely known marker gene excision systems is the Crelox system based on site-specific recombination (Corneille et al. 2001; Lutz et al. 2006; Lutz and Maliga 2007) . Another marker gene excision system has been developed by Iamtham and Day (2000) , based on the homologous DNA recombination machinery in chloroplasts to excise antibiotic marker genes. This system, in comparison with the Cre-lox system which requires adding foreign recombinases, their target sites as well as subsequent removal of the foreign recombinase genes from the transplastomic plants, can obviate the need to remove foreign recombinase genes. Excision of antibiotic resistance gene once transformed plants have been obtained may simplify the regulatory approval of GM crops (Daniell 2002; Lutz and Maliga 2007) .
The state of the art of plastid biotechnology Thus far, more than 100 transgenes have been stably integrated and expressed via the chloroplast genome to confer important agronomic traits, as well as to express industrially valuable biomaterials and therapeutic proteins (Bock 2007; Verma and Daniell 2007; Daniell et al. 2009; Bock and Warzecha 2010) . Chloroplast transformation via organogenesis has been accomplished in a number of crops including lettuce (Lelivelt et al. 2005; Kanamoto et al. 2006; Ruhlman et al. 2007 Ruhlman et al. , 2010 , cabbage (Liu et al. (Sidorov et al. 1999; Nguyen et al. 2005; Valkov et al. 2010) , tomato (Ruf et al. 2001 ) and eggplant . Organogenesis and (somatic) embryogenesis are the two pathways of regeneration in most flowering plants (angiosperms). Organogenesis involves the regeneration of adventitious shoots or roots through the formation of organized, meristematic tissues, whereas somatic embryogenesis involves the formation of embryos or embryo-like structures from somatic tissues. So far, most successful plastid transformation has been achieved through organogenesis using green leaves as explants. Unfortunately, most of the important food crops such as rice, wheat, maize etc. regenerate primarily through the somatic embryogenesis pathway. Successful plastid transformations through somatic embryogenesis were reported for carrot, cotton, soybean and rice (Kumar et al. 2004a, b; Dufourmantel et al. 2004; Grevich and Daniell 2005; Lee et al. 2006) . The different types of plastids and regeneration systems (organogenesis or somatic embryogenesis) do affect plastid transformation. Although somatic embryogenesis has been successful in dicots, achieving homoplasmy in monocots has been quite challenging. This is one of the major obstacles to advancing plastid engineering in cereal crops. Chloroplast transformation using non-green cells and high level expression in chromoplasts or proplastids has been shown in carrots demonstrating the broad potential of the technology (Kumar et al. 2004a, b; Daniell et al. 2005) . However, in ripe red tomato, expression of vaccine antigens in fruits is hardly detectable when compared to leaves (Zhou et al. 2008 ). This is due to the fact that ripe red tomatoes contain chromoplasts, in which most plastid genome-encoded genes are down regulated and plastid gene expression is less active than in photosynthetically active chloroplasts (Kahlau and Bock 2008) . Furthermore, protein stability is another important factor determining the accumulation level of a foreign protein to be expressed in the plastids. Several studies have shown that major stability determinants are located in the N-terminus, contributing to our understanding of the protein stability and determinants in plastids (Apel et al. 2010; Leelavathi and Reddy 2003; Ruhlman et al., 2007; Lee et al. 2011) . Although homoplasmy was not established, success in rice chloroplast transformation ) has provided encouragement to explore this technology in major cereal crops. To date, a number of agronomic traits have been engineered via plastid biotechnology, including insect resistance (McBride et al. 1995; Kota et al. 1999; De Cosa et al. 2001; Dufourmantel et al. 2006; Jin et al. 2011) , herbicide tolerance (Daniell et al. 1998; Ye et al. 2001 ; Lutz et al. 2001) , disease resistance against bacterial fungal and viral pathogens (DeGray et al. 2001; Lee et al. 2011; Verma et al. 2010) , drought tolerance (Lee et al. 2003) , salt tolerance (Kumar et al. 2004a) , and cold tolerance (Craig et al. 2008) . Table 1 summarizes the achievements of plastid engineering for improvement of agronomic traits. In addition, enhanced nutritional value (Apel and Bock 2009) or the ability to clean the environment from toxic metals like mercury (Ruiz et al. 2003; Hussein et al. 2007) or confer reversible cytoplasmic male sterility ) have been demonstrated. Nevertheless, despite the significant progress in plastid genetic engineering and the unique advantages of this technology over nuclear transformation, plastid transformation is still limited to dicotyledon species (as shown in Table 1 ). The development of this technology for major cereal crops (e.g. maize, rice, wheat, barley) to enhance their productivity in the era of climate change is of significance for future agriculture worldwide. Increasing the photosynthetic capacity of plants to cope with the elevated CO 2 level and improving adaptation of plants to extreme climatic stresses such as increasingly severe droughts, heat or floods are the challenges ahead, and solutions are likely to be found with the help of biotechnology.
Significance of crop chloroplast genome sequences for plastid engineering
The chloroplast genome is highly conserved within most land plants , composed of a single circular chromosome with a quadripartite structure that includes two copies of an inverted repeat (IR) that separate the large and small single copy regions (LSC and SSC). The size of the circular genome varies from 35 to 217 kb, but among photosynthetic organisms most are between 115 and 165 kb . The chloroplast genome information is essential for successful chloroplast transformation. To achieve efficient homologous recombination and integration of transgenes into chloroplast genomes, flanking sequences with the intergenic spacer regions are essential. Endogenous regulatory sequences are required for optimal expression of foreign genes within chloroplasts (Verma and Daniell 2007) . In a recent study in which lettuce chloroplast flanking sequence was used to integrate transgenes into the tobacco chloroplast genome, all sequences unique for lettuce chloroplast genome (including single nucleotide changes) were eliminated by the tobacco chloroplast genome during homologous recombination events. Increase in the number of homologous recombination events significantly decreased the efficiency of transformation (Ruhlman et al. 2010) . The site of integration may also play a significant role in transgene expression. In early studies of transgene integration into the chloroplast genome, transcriptionally silent spacer regions were used. However, the transcriptionally active spacer regions between the trnI and trnA genes located within the ribosomal operon resulted in the highest levels of transgene expression (De Cosa et al. 2001; Ruhlman et al. 2010 ) and this is the most commonly used site for transgene integration (Verma and Daniell 2007; Verma et al. 2008) . While the trnI/trnA site has been used to engineer all agronomic traits including insect or herbicide resistance, drought or salt tolerance, phyto-remediation and cytoplasmic male sterility, other sites have been used only for insect resistance or the bar gene. Likewise, a lot more vaccine antigens and biopharmaceuticals have been engineered via the trnI/trnA site than any other site (Daniell et al. 2009 ). The trnI-trnA site has several advantages over other integration sites: location within the inverted repeat regions of the chloroplast genome doubles the copy number of transgenes; the copy correction mechanism, and presence of replication origin and introns for accurate splicing of foreign transcripts (Verma and Daniell 2007) . A recent study showed that transgene integration into the trnItrnA site increased expression of the lux operon (driven by the same regulatory sequences) 25-fold more than the transcriptionally silent spacer region (rps12-trnV), underscoring the importance of the site of transgene integration (Krichevsky et al. 2010) .
The lack of chloroplast crop genome information has in the past limited the application of plastid transformation technology in many crops Ruhlman et al. 2010) . Although the tobacco chloroplast genome was sequenced in 1986, until 2004 only five other crop chloroplast genomes were sequenced, in spite of hundreds of chloroplast genomes of weedy species having been sequenced for phylogenetic studies. Species specific flanking sequences and endogenous regulatory sequences are needed to make chloroplast vectors (see Ruhlman et al. 2010) .
When the soybean complete chloroplast genome was published (Saski et al. 2005) , there were less than ten crop chloroplast genomes sequenced, almost 20 years after the first chloroplast genome was published. However, in the past few years about thirty crop chloroplast genomes have been published but several hundred non-crop chloroplast genomes have been sequenced. For a summarized list of sequenced crop chloroplast genomes, see Verma et al. (2008) . Recently, the complete chloroplast genome sequence of perennial ryegrass (Lolium perenne L.) was reported, providing valuable information for the future plastid engineering of the forage species (Diekmann et al. 2009 ). As pointed out above, utilization of heterologous intergenic spacer regions that have low sequence identities between the target genome and Plant Mol Biol (2011) 76:211-220 215 the flanking sequences in the chloroplast transformation vectors resulted in substantially lower frequencies of transformants (Verma and Daniell 2007) . Use of heterologous flanking sequences have clearly shown that even single nucleotide changes are eliminated during recombination via multiple recombination events, thereby significantly reducing transformation efficiency. In this study, the same tissue culture system was used to eliminate the contribution of other factors (Ruhlman et al. 2010) . Similar results were observed in plastid transformation of Arabidopsis, potato and tomato, where tobacco chloroplast genome flanking or regulatory sequences were used; the efficiency was much lower than in tobacco (Sikdar et al. 1998; Sidorov et al. 1999; Ruf et al. 2001) . Furthermore, when Petunia and Solanum flanking sequences were used in the chloroplast transformation of tobacco, a similar situation occurred (DeGray et al. 2001; Zubko et al. 2004) . Moreover, published studies show that not a single intergenic spacer region is conserved among nine grass chloroplast genomes (Saski et al. 2007) or only four spacer regions are conserved among Solanaceous crops . Because transgenes are integrated into intergenic spacer regions, their sequence information is essential for making chloroplast vectors. It is therefore unlikely that a single, highly conserved intergenic spacer region will be appropriate throughout the grass family which consists of the principal crops rice, wheat, maize, sorghum, barley etc. These examples demonstrate the significance of complete chloroplast genome sequences in successful plastid engineering and the importance of utilization of speciesspecific flanking sequences for assuring efficient homologous recombination within the intergenic spacer regions. The utilization of endogenous regulatory sequences is another important factor which should be considered in the vector construction for monocot plastid transformation. Use of lettuce psbA promoter and UTRs in tobacco or tobacco psbA regulatory sequences in lettuce resulted in [90% reduction in the level of transgene expression (Ruhlman et al. 2010) . Therefore, in addition to use of endogenous flanking sequences for homologous recombination, it is important to use endogenous regulatory sequences for efficient transgene expression. These studies point out the need for construction of species specific chloroplast vectors, the foundation of successful plastid transformation.
Plastid engineering in cereal crops for food security
Unfortunately, most plastid engineering has been restricted to tobacco and a few other dicot crops. Future plastid engineering should focus on the major cereal crops in order to enhance crop production and improve the nutritional content necessary to feed the world. The encouraging development in soybean plastid engineering has showed the potential of this technology for major food crops (Dufourmantel et al. 2006; Grevich and Daniell 2005) . Engineering of carotenoid biosynthesis in transplastomic tomatoes has demonstrated the potential of plastid genome engineering for the nutritional enhancement of food crops (Apel and Bock 2009 ). Nevertheless, plastid genome engineering is still restricted largely to dicot plants, especially tobacco. The most important food crops in the world, such as rice, wheat, maize, sorghum, and barley, are still not amenable to plastid transformation. With the urgent need to increase food crop yield in order to feed 9.2 billion people in the world in 2050, breakthroughs in plastid engineering of cereal crops are of great importance for enabling the genetic manipulation of these crops in a contained and environmentally friendly manner (Daniell 2002; Daniell et al. 2005) . Better understanding of the plastid genetics and genomes of cereal crops, efficient tissue culture and regeneration systems for these crops, improvement of selection systems (with new selectable marker genes), identification of intergenic spacer regions for transgene integration, and understanding of the possible factors/proteins affecting the process from heteroplasmy to homoplasmy and subsequent promotion of homoplasmy, are the challenges ahead. Nonetheless, encouraging progress has been made in these areas. For instance, a new selectable marker, chloramphenicol acetyltransferase gene (cat), for plastid transformation was recently reported by Li et al. (2010) . Authors showed that the cat gene allows the transplastomic tobacco lines to quickly reach the homoplasmic state, an advantage for plastid transformation of plants.
Major obstacles of plastid engineering in cereal crops include the difficulty of expressing transgenes in non-green plastids, in which gene expression and gene regulation systems are quite distinct from those of chloroplasts. When proplastids, which are about five-fold smaller in size than chloroplasts, are used as the transformation target, irreversible physical plastids due to biolistic bombardment might be greater. It may also be necessary to develop new selection markers for a monocot-specific selection scheme. In addition, instability of DNA in cereal chloroplasts is yet another challenge (Oldenburg and Bendich 2004a, b) . It has been recently shown by Zheng et al. (2011) that when dark grown maize seedlings are transferred to light, the DNA content per plastid declines rapidly to a minimum at 24 h during greening while chlorophyll fluorescence continues to increase. Therefore, the authors concluded that the increase in chloroplast DNA that accompanies plastid enlargement is a consequence of cell and leaf growth, whereas light stimulates photosynthetic capacity and chloroplast DNA instability. This may explain one of the challenges in achieving homoplasmy in cereal crop plastid transformation. It was also proposed that the loss of DNA from chloroplasts causes leaf senescence in coleoptiles and young leaves of rice (Sodmergen et al. 1991) , but this seems not to be the case in maize where degradation of cpDNA during maize chloroplast maturation may benefit the plants (Oldenburg and Bendich 2004b) . Therefore, the stability issue of cpDNA in cereal crops is of great importance.
Despite failure to obtain homoplasmic transformants, the rice plastid transformation by Lee et al. (2006) has enriched our understanding of the challenges and difficulties in rice and other monocot plastid transformation. We know that rice plastid transformation is quite inefficient and no homoplasmy has ever been achieved, when compared to chloroplast transformation in dicots, which is well established in many labs. There are several possible reasons for the difficulty in monocot plastid transformation: (1) lack of an efficient regeneration system in monocotyledonous cereal crops, including rice; (2) the target plastids are smaller than chloroplasts, leading to the possibility of physical damage due to biolistic bombardment with 0.6 lm gold particles possibly being greater in the proplastids. The attempt to use smaller particle sizes (0.4 lm) has resulted in three-to four-fold increases in plastid transformation frequency during the transformation of proplastids in darkgrown tobacco suspension cells (Langbecker et al. 2004) ; (3) transcription and translation levels are lower in proplastids than in chloroplasts in accordance with previous reports by Mullet (1993) and Silhavy and Maliga (1998) so the recovery of the newly transformed cells is attenuated further during the initial selection phase; (4) the effect of the Prrn plastid-encoded RNA polymerase PEP and NEP promoters in leucoplasts; (5) utilization of a variety of 5 0 UTRs; (6) all of the homoplastomic plants produced thus far have been selected under light conditions, through a repeated process of subculturing of transformed leaf tissues; however, this subculturing process cannot be applied to cereal crops; (7) the necessity of developing new selection markers for a monocot-specific selection scheme, because the use of suitable selection markers has been shown to be critical for success in the transformation of plastids in tobacco, lettuce and other dicots (see reviews by Bock 2007; Daniell et al. 2009 ). With efforts from the global research community, these hurdles may be overcome in the near future.
Plastid engineering of biosynthetic pathways for improvement of the nutritional value of food crops Climate change introduces new challenges to agricultural production, not only in yield (quantity) but also in its nutritional aspect (food quality). Plastid engineering has become a valuable tool for metabolic engineering of pathways such as photosynthetic carbon reduction, starch and lipid biosyntheses etc., as it can express several transgenes by linking them in operons, making it possible to engineer several enzymatic steps, in some cases the entire pathway, simultaneously (Bock and Khan 2004; Bock 2007; Wurbs et al. 2007; Apel and Bock 2009 ). Furthermore, in plastid genome engineering, the expression level of foreign genes in plastids can be regulated by using desirable promoters and/or 5 0 and 3 0 untranslated regions (Bock 2007) . A recent study on manipulation of the carotenoid biosynthetic pathway in tomato using plastid transformation has demonstrated the advantages of plastid genome manipulation for metabolic engineering of complex pathways, as well as the potential of the technology for improvement of nutritional content in food crops (Apel and Bock 2009) . By introducing the lycopene b-cyclase genes from Erwinia herbicola and daffodil (Narcissus pseudonarcissus) into the tomato plastid genome, the authors have reported a significant high accumulation of total carotenoid with an increase of over 50%, and most of the lycopene was converted into b-carotene with provitamin A levels reaching 1 mg per gram dry weight in fruits (Apel and Bock 2009) . Another study by Craig et al. (2008) has demonstrated the feasibility of using plastid transformation to engineer lipid metabolic pathways in both vegetative and reproductive tissues. Transplastomic tobacco plants expressing a fatty acid D 9 desaturase gene exhibited altered fatty acid profiles and improved cold tolerance compared with the control (Craig et al. 2008) .
The studies described above have demonstrated the feasibility and potential of plastid biotechnology for manipulation of plants for future food production, with adaptation to biotic and abiotic stresses under the changing climate.
Conclusions and future perspectives
Adaptation to climate change-including the ability to mitigate exposure to, and cope with, extreme climate changes-will be necessary to ensure global food security in both the short and long term. With better understanding and technological advancement of plastid genome engineering, this technology should be able to contribute to the improvement of crop productivity as well as other important agronomical traits and industrial applications ( Table 2 ). The sobering fact that globally the rate of growth in yields of the major cereal crops has been steadily declining is an unfortunate reality. The rate of growth in global cereal yields, for example, dropped from 3.2% per year in 1960 to 1.5% in 2000. The challenge for biotechnology is to assist in reversing this decline in order to meet global food needs.
It is evident that plastid genome engineering holds great promise for the improvement of crop productivity. Efforts Plant Mol Biol (2011) 76:211-220 217 should in the future be directed to plastid genome engineering of monocots so as to facilitate the manipulation and improvement of many agronomically and economically important crops in order to feed the world in 2050. 
